Sun exposure has been clearly implicated in premature skin aging and neoplastic development. These features are exacerbated in patients with xeroderma pigmentosum (XP), a hereditary disease, the biochemical hallmark of which is a severe deficiency in the nucleotide excision repair of UV-induced DNA lesions. To develop an organotypic model of DNA repair deficiency, we have cultured several strains of primary XP keratinocytes and XP fibroblasts from skin biopsies of XP patients. XP skin comprising both a fullthickness epidermis and a dermal equivalent was succesfully reconstructed in vitro. Satisfactory features of stratification were obtained, but the expression of epidermal differentiation products, such as keratin K10 and loricrin, was delayed and reduced. In addition, the proliferation of XP keratinocytes was more rapid than that of normal keratinocytes. Moreover, increased deposition of cell attachment proteins, ␣-6 and ␤-1 integrins, was observed in the basement membrane zone, and ␤-1 integrin subunit, the expression of which is normally confined to basal keratinocytes, extended into several suprabasal cell layers. Most strikingly, the in vitro reconstructed XP skin displayed numerous proliferative epidermal invasions within dermal equivalents. Epidermal invasion and higher proliferation rate are reminiscent of early steps of neoplasia. Compared with normal skin, the DNA repair deficiency of in vitro reconstructed XP skin was documented by long-lasting persistence of UVB-induced DNA damage in all epidermal layers, including the basal layer from which carcinoma develops. The availability of in vitro reconstructed XP skin provides opportunities for research in the fields of photoaging, photocarcinogenesis, and tissue therapy.
T he major consequences of UV (ultraviolet) radiation from sunlight are skin photoaging and cancer development (1, 2) . The dramatic effects of UV radiation are demonstrated in patients affected with the genetic disease xeroderma pigmentosum (XP) (3), the cellular biochemical hallmark of which is a defect in nucleotide excision repair (NER) for UV-induced mutagenic DNA lesions (4) . NER is the most versatile repair process of UVB-induced DNA lesions, such as 6-4 pyrimidine pyrimidone photoproducts and cyclobutane pyrimidine dimers (CPDs). It involves five enzymatic steps: (i) recognition of the DNA lesion; (ii) DNA unwinding to form a ''bubble;'' (iii) 5Ј and 3Ј single-strand DNA incision in the DNA strand bearing the UV lesion; (iv) DNA gap filling by repair replication, with the intact strand as template; and, ultimately, (v) ligation of the newly synthesized DNA patch. Alteration of some of the early steps of the NER process results in one of the seven XP complementation groups (XP-A to XP-G), defined biochemically by somatic cell fusion (5) . The persistence of UV-induced DNA lesions is mutagenic during DNA replication and may result in tumor development (6) . Indeed, the NER deficiency in XP patients results in a high predisposition (ϫ2,000, compared with the general population) to developing epidermal skin tumors in sun-exposed body areas (3) . The study of the responses of XP skin cells in their natural three-dimensional environment is precluded by ethical considerations, ruling out experimental trials that include UV irradiation of XP volunteers. In addition, because of their limited thickness and consequent poor differentiation capacity, classical keratinocyte cultures (i.e., on plastic) do not take into account the three-dimensional tissue architecture in epithelial-mesenchymal interaction-mediated effects on UV-induced skin aging and cancer development. Finally, introducing DNA repair defects by genetic recombination in laboratory mice may result in phenotypic traits that sometimes are at variance with those of the corresponding human syndromes (7) .
Alternative attempts to analyze tissue and cell damage induced by UV radiation in normal individuals (8) (9) (10) and photoprevention (11) have ensued from engineering fully differentiated normal human skin in vitro. Actually, skin reconstructed in vitro was shown to reproduce most stages of the stepwise epidermal differentiation program, starting with basal, undifferentiated keratinocytes, up to the ultimate steps of maturation, illustrated by the formation of cornified layers as in normal epidermis in vivo (12, 13) . Nevertheless, in vitro organotypic human systems able to reliably mimic photosensitive skin have never been developed, despite their numerous potential fundamental applications.
In this report, we present the development of an in vitro photosensitive human skin model developed from cells from several independent primary (i.e., not transformed) strains of epidermal keratinocytes and dermal fibroblasts obtained from skin biopsies of unexposed body areas of XP patients (14) . All of these belong to the XP-C complementation group, the clinical hallmarks of which are photosensitivity, skin aging, and proneness to cancer, but which are not associated with the neurodegenerative symptoms sometimes found in XP-D and -A patients (15) .
We show that XP skin can be reliably reconstructed in vitro from XP keratinocytes and XP fibroblasts and, most importantly, that it retains the DNA repair deficiency of XP skin in vivo (3) . Although it exhibits mostly normal morphological features, the in vitro reconstructed XP skin exhibited alterations in the keratinocyte differentiation program, accompanied by an increased rate of proliferation. Still more significantly, the in vitro reconstructed XP skin displayed striking epidermal invasions within the dermis, a characteristic of early steps of epidermal neoplastic development. The XP skin model reported in this paper thus opens prospects for the study of tissue factors that contribute to UV-induced skin carcinogenesis and aging. It may also provide clues to the development of tissue gene therapy of XP.
Materials and Methods
Patients. All patients presented a marked photosensitivity. Unless otherwise indicated, all patients were independent. Patient XP148VI had developed multiple skin tumors from the age of 9 years, as described (14) . Patients XP374VI (4 years old), XP373VI (3 years old) (XP 374VI's brother), and XP399VI (5 years old) had developed several cutaneous tumors from the age of 2. Patient XP424VI (18 years old) had developed three basal cell carcinomas from the age of 15 and presented numerous freckles and nevi on sun-exposed skin.
Skin Biopsies and Cell Culture. Normal human skin was obtained from mammary plastic surgery.
XP skin biopsies from nonexposed (to sunlight) and normally pigmented sites (buttock) were obtained with the patient's or parents' informed consent. Human normal and XP keratinocytes and fibroblasts were obtained and cultured as described (14, 16) .
Determination of XP Complementation Group. XP keratinocytes were infected by retroviral particles expressing wild-type XP cDNAs, and the complementation groups were determined by described procedures (17, 18) .
Reconstructed Skin in Vitro. In all experiments, fibroblasts and keratinocytes were used at the same passages, P4 and P2, respectively. Reconstructed skin was prepared essentially as described in detail (12) , except for minor modifications according to related XP strain (see below). The principle of skin reconstruction relied on the production of lattice in which fibroblasts were embedded in a type I collagen gel. After contraction of the lattice, 5 ϫ 10 4 normal, to up to 3 ϫ 10 5 XP keratinocytes (AS148, 3 ϫ 10 5 ; AS374, 1 ϫ 10 5 ; AS399, AS424, 2 ϫ 10 5 ) were seeded onto a 1.5-cm 2 lattice. Keratinocytes overlying the dermal equivalent (lattice) were then incubated for 7 (normal) to 8 days (XP) immersed in culture medium before being raised at the air-liquid interface (emersion period) for a time ranging from 7 days for normal and XP AS374A cells to 8 (AS148) or 9 days for AS399 and AS424.
Irradiation Sources and Procedures. UVB irradiation was performed with Philips TL20W͞12 fluorescent tubes (Lumiéres Service, Paris) equipped with a Kodacel filter. UV spectra and procedures were as described (10) .
Classical Histology. Samples were fixed in neutral formalin. Paraffin sections were stained with hematoxylin, eosin, and saffron (8).
Immunostaining. Immunolabeling was performed on air-dried vertical 5-m cryosections as described (8) .
Mouse monoclonal antibodies against various proteins were obtained from the following sources: keratin 10/RKSE 60 (1:5), Sanbio, Uden, The Netherlands; human filaggrin FITC-conjugated rabbit anti-mouse or swine anti-rabbit immunoglobulins (Dako) were used as secondary antibodies (1:100). (1:X) indicates the appropriate dilution of antibodies in PBS.
Detection of thymine dimers was carried out (19) on methanol/acetic acid (3:1) fixed sections, followed by denaturation with NaOH (0.07 M in 70% ethanol) and partial digestion with proteinase K (1 g͞ml).
Results and Discussion
Reconstruction of XP Epidermis on a DNA Repair-Proficient Dermal Equivalent Reveals Altered Keratinocyte Differentiation and Proliferation. XP epidermis displaying apparent satisfactory features of stratification and differentiation (21) could be reconstructed on a DNA repair-proficient dermis. An increased (ϫ2-ϫ6) number of cells was seeded onto the dermal equivalent, compared with the normal skin model. The capacity of the epidermal cells to divide and their life span could be realized quite faithfully in vitro by their ability to form colonies (16, 22) . Despite the higher amounts of XP-C keratinocytes required to fully reconstruct epidermis in vitro, their colony-forming efficiency (CFE) values were in a range similar to that of normal cells [e.g., CFE values from NHK9 (normal) and AS374 A (XP-C) keratinocyte strains were both 10%]. This apparent discrepancy suggested that three-dimensional culture conditions might reveal intrinsic alterations in the control of XP keratinocyte proliferation that are not detectable under standard culture conditions.
Histology of reconstructed XP epidermis made from epidermal XP keratinocytes revealed a stratum corneum (outermost terminally differentiated layers) with a significantly reduced thickness, suggesting an impaired capacity of XP-C keratinocytes to terminally differentiate, compared with normal controls (12, 21) (Fig. 1) . Nevertheless, the stratum corneum of in vitro reconstructed XP epidermis did not contain persisting nuclei, an abnormality called parakeratosis, which accompanies some cutaneous hyperproliferative syndromes (23) .
The expression of major biochemical markers of epidermal differentiation (13) was monitored by immunocytochemistry with specific antibodies (see Materials and Methods). Keratin K10, a typical early differentiation marker normally expressed from the first suprabasal epidermal layer up to the granular layer (21) , was expressed later on in the differentiation process (i.e., in upper layers), and its amount was markedly reduced in all four XP-C strains examined (Fig. 2) . However, it was an unexpected finding that reduced K10 protein expression did not result from reduced transcriptional activity of the K10 gene in XP-C keratinocytes, as evidenced by transient transfection experiments with K10 gene keratin promoter upstream of a reporter gene (24) (data not shown).
Immunocytochemistry of differentiation markers such as loricrin and filaggrin, which are involved in the ultimate steps of keratinocyte differentiation leading to cornified envelope formation (21), also revealed markedly decreased expression in all four keratinocyte XP-C strains analyzed and compared with normal controls (Fig. 2) . In contrast, the distribution of epidermal transglutaminase, another terminal keratinocyte differentiation marker involved in cornified envelope assembly (21), was not evidently altered in the in vitro reconstructed XP epidermis (data not shown). Thus, only some differentiation proteins (i.e., K10, loricrin, filaggrin) were found to be altered in in vitro reconstructed XP epidermis. Although there are major clinical and histogical differences between XP and the human hyperproliferative syndrome psoriasis, the delayed and reduced expression of K10 (25) , loricrin (26) , and filaggrin and slightly affected transglutaminase (27, 28) have also been found in skin biopsies taken from patients with psoriasis.
We then compared the rate of keratinocyte proliferation in normal versus reconstructed XP epidermis with the use of a proliferation-associated antigen, Ki-67. Whereas cell multiplication was confined to a minority of basal cells (about 10%) in normal reconstructed epidermis, it extended to virtually all basal keratinocytes and to few suprabasal cells in the reconstructed XP epidermis (Fig. 3) .
Because attachment of basal keratinocytes to the basement membrane via integrins plays an active role in the control of cell proliferation (29), we assessed the expression of integrin subunits ␤-1 and ␣-6 specific to basal keratinocytes. Immunolabeling revealed that deposition of these proteins at the basement membrane zone was increased in XP epidermis compared with normal epidermis reconstructed in vitro (Fig. 3) . In addition to a much brighter signal at the basement membrane zone than in normal epidermis, ␤-1 integrin was also not restricted to basal keratinocytes but extended to several suprabasal cell layers in reconstructed XP epidermis (Fig. 3) . Furthermore, staining of both ␣-6 and ␤-1 integrins underscored slight nascent epidermal invaginations within the dermal equivalent, the importance of which was amplified in the presence of a dermal equivalent containing XP fibroblasts (see below).
Higher levels of ␤-1 integrin have been ascribed to keratinocytes with characteristics of stem cells (30) (31) (32) (33) . Conversely, ectopic expression of ␤-1 integrin in the suprabasal keratinocytes of transgenic mice and in the in vitro reconstructed epidermis has resulted in epidermal alterations resembling psoriatic epidermis, such as keratinocyte hyperproliferation and delayed onset of differentiation (34, 35) . Although transient keratinocyte hyperproliferation has been correlated with suprabasal expression of integrins (␣-3 and ␤-1) in normal in vitro reconstructed human epidermis (36) , it remains to be determined whether suprabasal integrin expression may result in, or is only secondary to, keratinocyte hyperproliferation in in vitro reconstructed XP epidermis.
To establish that the observed alteration of epidermal differentiation and proliferation was not because of culture conditions, a small number of biopsies from normal and XP skins were analyzed. Histological stainings did not reveal major differences (or alteration) of epidermal structures in normal versus XP skin biopsies. In contrast, labeling of differentiation markers revealed slight alterations (delayed and reduced expression) of K10 keratin and a slight decrease in loricrin in XP skin as compared with normal skin maintained in the same conditions before analysis (i.e., up to 4 days in serum containing medium, as sometimes happens with shipment of biopsies to the laboratory). Furthermore, the expression of ␤-1 integrin was increased and detected in several suprabasal keratinocyte layers in XP but not in normal epidermis (data not shown). We conclude that in vitro reconstructed XP epidermis closely resembles XP epidermis ex vivo. Our model of reconstructed XP skin thus appears as a faithful physiological system, able to reproduce subtle and as-yet-unreported traits of the XP skin phenotype in the absence of UV irradiation.
XP Fibroblasts Provoke Epidermal Invasions of Normal and XP Kera-
tinocytes Within the Dermal Equivalent. According to their tissue origin or their association with cutaneous abnormalities, dermal fibroblasts have been shown to influence the behavior (differentiation and proliferation) of epidermal keratinocytes in organotypic cultures (37) (38) (39) (40) . To assess their influence on keratinocyte growth and epidermal morphogenesis, XP fibroblasts from three independent strains (AS148, AS374, AS424) were introduced into a dermal equivalent overlaid with either normal or XP keratinocytes.
Normal keratinocytes seeded onto XP dermal equivalents formed a fully differentiated epidermis and displayed a normal histological appearance (i.e., presence of spinous, granular, and horny layers), as well as a pattern of expression of differentiation markers similar to that of controls. However, frequent invaginations of normal keratinocytes within the XP dermal equivalent were observed by histology and immunolabeling of ␣-6 and ␤-1 integrins (Fig. 4) . When XP keratinocytes were seeded onto a XP dermal equivalent to reconstruct a complete XP skin, epidermal invaginations were larger and more frequent than in heterologous skins comprising solely a XP dermal equivalent.
Labeling of Ki-67 antigen revealed an increased rate of keratinocyte proliferation in epidermal invasions formed by both normal and XP keratinocytes on the XP dermal equivalent (Fig. 4) .
Together, these observations indicated that the presence of XP fibroblasts in the dermal equivalent leads to the formation of large and frequent epidermal invasions in heterologous (normal keratinocytes) or complete XP skins (XP keratinocytes), respectively (Fig. 4) . Enhancement of epidermal invasions in complete XP skins suggested the additive or synergistic contribution of both keratinocytes and fibroblasts in this phenomenon.
XP Fibroblasts Spontaneously Orient Abnormally in the Dermal Equivalent and Lead to Retraction of Dermal Equivalents.
The possible role of XP fibroblasts in the formation of epidermal invasions was assessed by studying their behavior at the macro-and microscopic levels in the three-dimensional dermal equivalent. Strikingly, the presence of XP fibroblasts resulted in significantly smaller diameters of the lattices (23.3 Ϯ 3.3% at 24 h; 24.7 Ϯ 3.3% at 96 h) than with control cells. Histology and staining of vimentin, a marker of mesenchymal cells, revealed that XP fibroblasts tend to massively orient perpendicular to the plane of the dermal-epidermal junction. In comparison, normal fibroblasts appeared mostly in random orientations (Fig. 5 ). These differences in the XP compared with a normal dermal equivalent This hypothesis is currently being tested. Its confirmation at the molecular level should provide additional clues to the basis for the epidermal cancer proneness of XP patients (43) and premature features of skin aging (44, 45) .
In Vitro Reconstructed XP Epidermis as a Unique Three-Dimensional
Model of DNA Repair Deficiency. As an attempt to evaluate the capacity of XP keratinocytes to repair UVB-induced DNA . Note that virtually all nuclei are labeled with anti-Ki-67 antibody in all XP-C epidermis, whereas about 10% only are found in normal epidermis (NHK). Also note the increased deposition of ␣-6 and ␤-1 integrins at the basement membrane zone of XP-C compared with normal epidermis. In XP-C epidermis also, ␤-1 integrin is abnormally expressed in several suprabasal layers above the basal layer, whereas it is restricted in normal epidermis. Arrows point to the nascent epidermal invasions within the dermal equivalent, as indicated by ␤-1 integrin staining. The dashed line indicates the dermal-epidermal junction. (Bar ϭ 50 m.) lesions within in vitro reconstructed epidermis, biologically efficient UVB doses (BEDs) were determined as described (8) . BED was defined as the minimal UVB dose able to induce the formation of sunburn cells in suprabasal cell layers of in vitro reconstructed normal epidermis 24 h after exposure to a single UVB irradiation. There is a narrow correspondence between BED or sunburn cell formation in vitro and mean minimal erythemal dose as measured after UVB irradiation of normal volunteers (8, 46) .
BEDs of in vitro reconstructed XP-C epidermis were found in the range of BEDs of reconstructed normal epidermis (i.e., 500-800 J͞m , which is in agreement with results obtained from laboratory mice with disrupted XPC alleles (XPCϪ͞Ϫ), which exhibit minimal erythemal dose values similar to those of normal or heterozygous animals (XPCϩ͞Ϫ) (47, 48) . In contrast, XPAϪ͞Ϫ or CSBϪ͞Ϫ mice exhibit minimal erythemal dose values three to four times lower than those of wild-type or XPCϪ͞Ϫ mice. These differences presumably result from the persistence of UVB lesions on the transcribed strand of active genes in XP-AϪ͞Ϫ and CSBϪ͞Ϫ (47, 48) but not in XPCϪ͞Ϫ mice, whose DNA repair defect only concerns the global repair pathway (49) .
The lowest BED value was found in the XP-C keratinocyte strain with the poorest capacity to develop thick horny layers (AS148, Fig.  1 ), suggesting a protective role of stratum corneum. UVB penetration and absorption throughout the stratum corneum and normal epidermis, however, seem to be far less significant (50) than assumed (51) . Nevertheless, our previous investigations in classical cultures (i.e., on plastic) had shown that a particular UVB irradiation induced twice as many DNA lesions (6-4 pyrimidine pyrimidone photoproducts and CPDs) in normal fibroblasts as in keratinocytes (14) . In skin epidermal keratinocytes in vivo, at least 70% of protein synthesis is devoted to keratins. We had suggested that normal expression of these proteins might help to shield against UVB and perhaps lead to epidermal cancer protection (14) . Impaired K10 expression observed in all XP-C epidermal cultures in our study might alter this natural protection.
XP and normal epidermis reconstructed in vitro on a normal dermal equivalent were then exposed to appropriate UVB BEDs and harvested at various times after irradiation. CPD DNA lesions were detected with the use of the H3 monoclonal antibody (8, 19) . Immediately after irradiation, CPD lesions were detected similarly in all nuclei throughout both normal and XP epidermis, regardless of the depth (Fig. 6) . Twenty-four hours after UVB irradiation, CPD lesions were no longer detected in the basal layer of normal reconstructed epidermis, whereas in suprabasal layers most nuclei remained clearly positive. In contrast, 24 h after UVB irradiation of XP epidermis, CPD lesions in the basal layer remained at a level similar to that observed initially. Ninety-six hours after irradiation, DNA lesions were no longer detectable in any viable layers of normal epidermis (i.e., basal and suprabasal layers), whereas they persisted in an amount virtually identical in all layers of XP epidermis. In comparison with other XP-C epidermis, epidermis reconstructed from AS424 keratinocytes showed a slight attenuation of DNA lesions 96 h after irradiation. This finding could be correlated with the relatively moderate photosensitivity and cancer proneness of this XP-C patient (only three basal cell carcinomas at the age of 18). Likewise, residual NER DNA repair of AS424 fibroblasts was relatively high (about 20%) compared with other XP-C fibroblasts (AS148, AS399, and AS374A) that exhibited about 10% residual repair) (not shown). In addition, in the four XP-C keratinocyte strains tested, exposure to UVB led to parakeratosis that was more pronounced than in normal epidermis (8) 96 h after irradiation. In one of the four XP-C strains (AS374A), suprabasal sunburn cells remained visible 96 h after irradiation, whereas they had disappeared in other cultures.
These data demonstrated, with the use of a three-dimensional culture system, the persistence of UVB-induced DNA damage in all layers of XP epidermis up to 96 h after irradiation. In particular, the persistence of lesion-bearing nuclei in basal keratinocytes in reconstructed XP epidermis, but not in normal epidermis, anticipated mutagenic events in the proliferative equivalent of tissue containing stem keratinocytes (33, 52) . In vitro reconstructed XP epidermis is thus a unique human system allowing the study of epidermal cell fate in the absence of efficient DNA repair, i.e., with high mutagenesis potential (49) . In this respect, crucial issues will rely on the study of genes such as p53, the structural integrity of which warrants the control of cell proliferation, and the function of which is frequently lost or impaired after the introduction of UV-induced mutations in basal and squamous cell carcinoma in both normal (1) and XP individuals (53) .
Together with the high proneness of XP keratinocytes to invade XP dermal equivalent (Fig. 5) , potential UVB-induced mutagenesis in those basal cells endowed with high growth potential (stem or transit amplifying keratinocytes) (52) in XP epidermis may then offer an interesting alternative system for studying epidermal cancer development in vitro.
Conclusions
This study demonstrates that XP skin could now reliably be reconstructed in vitro and thus defines a human model suitable for the study of a genetic DNA repair defect (photosensitivity) with accurate three-dimensional tissue architecture in vivo. The high UV sensitivity of the reconstructed XP skin model allows us to analyze the effects of UVs, including low doses, with special attention to early molecular events involved in skin photoaging and cancer. In this respect, this model should contribute to the enhancement of the efficiency of sun protection (11) against broad UV ranges. In vitro reconstruction of complex XP skin, including melanocytes and immune skin cells (Langerhans cells), should further improve the biological relevance of our model. Finally, the possibility of reverting to the DNA repair deficiency of XP epidermal keratinocytes as well as of XP fibroblasts (54, 55) allows the reconstruction of DNA repair proficient XP skins and provides perspectives on tissue therapy.
